This study deals with an HST system which is driven by differential PWM method. In this system, for achieving a linear-motion control, the hydraulic motor in generic HST was replaced with a load cylinder.
INTRODUCTION
Recently, the authors of this paper have proposed a new PWM method called differential-pulse width modulation (D-PWM) as a method of controlling a hydraulic actuator operated by two 3-way solenoid valves [1] . In this method, an arbitrary pulse width signal of the pressure difference for driving an actuator is realized by adjusting the switching time of each valve. The actuator operated by D-PWM shows good linearity as a control element, achieving accurate positioning.
For the purpose of confirming a practical applicability of thus developed D-PWM actuator, this study deals with an HST (Hydrostatic Transmission) system. In this system, the hydraulic motor in generic HST systems was replaced with a hydraulic cylinder for achieving a linear-motion control. Generally. HST systems have a lot of advantages. For example, they make transmission systems possible to have high effi ciency, high torque/inertia ratio and, moreover, a. continuous controlling of the system variables. On the other hand, it has defects such as the difficulty of achieving dynamic characteristics with high accuracy in a sufficiently small response time.
In order to overcome such problems in generic HST systems, we have used the D-PWM rotary actuator [2] for driving the swashpla.te of an axial piston pump. Two kinds of control algorithm were employed and verified for controlling the cylinder displacement. The schematic diagram of HST system treated in this study is shown in Fig.1 . Basically, the system consists of a hydraulic rotary actuator driven by two 3-way solenoid valves, a hydraulic cylinder which is driven by an axial piston pump, and a microcomputer used as a control operator (controller).
In this system, the angular displacement of the rotary actuator 0 and the displacement of the cylinder piston x are detected by sensors and then sent to the computer through a pulse counter P/C and an A/D converter, respectively. The control input u is calculated by the computer based on the control algorithm and then converted into the duty signals D1, D2. The on/off signal is supplied to the solenoid valves through a driving amplifier for the valves. By adopting the D-PWM method for driving the rotary actuator, it becomes possible to control the angular displacement of actuator in a high accuracy along with a good linearity of static characteristics. Such an example of static characteristics for D-PWM actuator is given in Fig.2 . The figure shows the measured characteristics between the differential duty OD(=D1 D2) and the angular velocity of the rotary actuator 0. The curve in Fig.2 indicates an approximately linear characteristics passing through the origin. A measured static characteristic for the present HST system is given in Fig.3 . The figure shows that the relation between the swashplate angle of pump 0 and the piston velosity x also indicates an approximately good linearity. The first control system in Fig.4 , called algorithm-I system hereafter, involves a main feedback loop of the cylinder displacement x and a minor feedback loop of cylinder velocity x(k).
In the experiment, the value of velocity x(k) for each k is calculated in the computer by taking the difference of displacement x. The second control system in Fig.5 , algorithm-II system hereafter, corresponds to the sys- When the solenoid valves are being operated in a. digital mode, it is of great importance to consider the effect of the switching behavior of the valves on the system dynamics. Figure i schematically illustrates how the valve behaves when it is causing an on/off action.
In the figure, the signal E denotes the input voltage applied to the valve, and y is the displacement of the poppet involved in the valve. Due to the time delay elements in the valve, the displacement y cannot respond instantaneously to the on/off change of 1.I(;t?ItI?
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Further discussion on the mathematical model of the other elements is omitted here for the sake of brevity, and a block diagram representation for the total system is given in Fig.8 . In order to avoid complexity. block diagrams for several elements are abbreviated and their detailed diagrams are given separately in another parts. For example, Figs.8(b) and (c) show the diagrams for D-PWM rotary actuator and fluid line of Line-A, respectively. The reader may wish to refer to Ref. [3] for detailed discussions on the diagrams themselves. The algorithm for the digital simulation can be carried out using signals and trans- The performance of the HST system is investigated for the case that the system is driven by two kinds of control algorithm. Algorithm-I and Algorithm-II. A further discussion concerning the validity of the mathematical model is also carried out based on experimental results and simulated ones.
The dimensions of the system parameters are shown in Table 1 , together with experimental conditions. The measured values of the time parameters ta, tb, t, and td (see Fig.7 ) for the solenoid valves are given in Table 2 . Iii the experiment for evaluation of system performance, the sampling period Ts, for computation of the control algorithm, was set to L=10 ms in both algorithm-I and algorithm-II. This value was chosen in order to satisfy T8 = Tc/2.
First, the system controlled by the algorithm-I was chosen. Dynamic performance of the system was investigated through a step response test in the fi rst place. The reference step input R(= rIxo) was set at R = 1. Response curves of the control input U. angular displacement of rotary actuator 0, and the displacement of cylinder X(= x/x0) are shown in Figs.9(a), (b), (c) .
In the figures, the solid lines denote the results of experiment, and the broken lines denote the results of simulation. It is observed from the experimental results in Fig.9 that X response has been controlled within a considerably short time of approximately 0.3 sec. With respect to the accuracy of X response, it is estimated from the steady-state error that the control error is about 1.3 %. By comparing the measured Step response curves obtained from the system with algorithm-II ill the same manner as in Fig.9 . A discussion similar to the above will be presented in the following for the system controlled by the algorithm-II. The results of step response corresponding to Fig.9 is given in Figs.11 (a), (b) , (c). It can be estimated from X response in Fig.11(c) that the response time is about 0.3 sec, and the steadystate error is about 1.3 %. These two values in the algorithm-II system are approximately equivalent to the ones in the algorithm-I system. For the comparison with the result in Fig.10 , the results of ramp response are given in Figs.12 (a), (b) , (c). It is observed from X response in Fig.12(c) that the steady-state error appears in approximately the same magnitude to the one in Fig.10(c) . Based on the experimental results given in the precedings, it can be said that the both systems with algorithm-I and -II bring about almost similar dynamic responses. Comparing the experimental results with the simulated ones in Fig.12 , we can see that their agreement is quite good.
CONCLUSIONS
In order to achieve a digital control of HST syc, tem in which the generic hydraulic motor is replaced with a cylinder, the differential-PWM actuator has been adopted for controlling the HST system . As a method to controll the system, two kinds of algorithm, algorithm-I and algorithm-II, were tested . The dynamic response of the system was investigated by (1) The displacement of cylinder in the preseiii IIST system is possible to control in considerably good performance by employing simple control algorithm of algorithm-I and -II.
(2) The both systems with algorithm-I and -II bring about almost similar dynamic responses.
(3) Simulated results of the system dynamics were in good agreement with the experimental results, and thus the validity of the mathematical model proposed in this study was confirmed.
